Introduction
Classical thermodynamics discusses the thermodynamic system, its surroundings and their common boundary. It is concerned with the state of thermodynamic systems at equilibrium, using macroscopic, empirical properties directly measurable in the laboratory (Wang, 1955; Yunus, Michael and Boles, 2011) . Classical thermodynamics model exchanges of energy, work and heat based on the laws of thermodynamics. The first law of thermodynamics is a principle of conservation of energy and defines a specific internal energy which is a state function of the system. The second law of thermodynamics is a principle to explain the irreversibile phenomenon in nature. The entropy of an isolated non-equilibrium system will tend to increase over time, approaching a maximum value at equilibrium. Thermodynamic laws are generally valid and can be applied to systems about which only knows the balance of energy and matter transfer. The thermodynamic state of the system can be described by a number of state variables. In continuum mechanics state variables usually are pressure p , volume V , stress σ , strain ε , electric field strength E , electric displacement D , magnetic induction density B , magnetic field strength H , temperature T , entropy per volume s , chemical potential per volume  and concentration c respectively. Conjugated variable pairs are ( , ),( , ),( , ),( , ),( ), ( , ) p Vc  T,S σε ED HB . There is a convenient and useful combination system in continuum mechanics: variables ,, , , , VT  ε EH are used as independent variables and variables ,, , , p c S σ DB , are used as dependent variables. In this chapter we only use these conjugated variable pairs, and it is easy to extend to other conjugated variable pairs. In the later discussion we only use the following thermodynamic state functions: the internal energy U and the electro-magneto-chemical Gibbs free energy ( , , , ) 
Other thermodynamic state functions and their applications can be seen in many literatures (Kuang, 2007 (Kuang, , 2008a (Kuang, , 2008b (Kuang, , 2009a (Kuang, , 2009b (Kuang, , 2010 (Kuang, , 2011a (Kuang, , 2011b . For the case without chemical potential ee   gg is the electromagnetic Gibbs free energy. For the case without electromagnetic field e   gg is the Gibbs free energy with chemical potential. For the case without chemical potential and electromagnetic field e  gg is the Helmholtz free energy.
In this chapter two new problems in the continuum thermodynamics will be discussed. The first is that in traditional continuum thermodynamics including the non-equilibrium theory the dynamic effect of the temperature is not fully considered. When the temperature T is varied, the extra heat or entropy should be input from the environment. When c is varied, the extra chemical potential  is also needed. So the general inertial entropy theory (Kuang, 2009b (Kuang, , 2010 ) is introduced into the continuum thermodynamics. The temperature and diffusion waves etc. with finite phase velocity can easily be obtained from this theory. The second is that usually we consider the first law only as a conservation law of different kinds of energies, but we found that it is also containing a physical variational principle, which gives a true process for all possible process satisfying the natural constrained conditions (Kuang, 2007 (Kuang, , 2008a (Kuang, , 2008b (Kuang, , 2009a (Kuang, 2011a (Kuang, , 2011b . Introducing the physical variational principle the governing equations in continuum mechanics and the general Maxwell stress and other theories can naturally be obtained. When write down the energy expression, we get the physical variational principle immediately and do not need to seek the variational functional as that in the usual mathematical methods. The successes of applications of these theories in continuum mechanics are indirectly prove their rationality, but the experimental proof is needed in the further.
Inertial entropy theory

Basic theory in linear thermoelastic material
In this section we discuss the linear thermoelastic material without chemical reaction, so in Eq.
(1) the term dd c d
It is also noted that in this section the general Maxwell stress is not considered. The classical thermodynamics discusses the equilibrium system, but when extend it to continuum mechanics we need discuss a dynamic system which is slightly deviated from the equilibrium state. In previous literatures one point is not attentive that the variation of temperature should be supplied extra heat from the environment. Similar to the inertial force in continuum mechanics we modify the thermodynamic entropy equation by adding a term containing an inertial heat or the inertial entropy (Kuang, 2009b) 
Using the theory of the usual irreversible thermodynamics (Groet, 1952; Gyarmati, 1970; Jou, Casas-Vzquez, Lebon, 2001; Kuang, 2002) from Eq. (3) we get
where λ is the usual heat conductive coefficient. Eq. (4) is just the Fourier's law.
Temperature wave in linear thermoelastic material
The temperature wave from heat pulses at low temperature propagates with a finite velocity. So many generalized thermoelastic and thermopiezoelectric theories were proposed to allow a finite velocity for the propagation of a thermal wave. The main generalized theories are: Lord-Shulman theory (1967), Green-Lindsay theory (1972) and the inertial entropy theory (Kuang, 2009b) . In the Lord-Shulman theory the following Maxwell-Cattaneo heat conductive formula for an isotropic material was used to replace the Fourier's law, but the classical entropy equation is kept, i.e. they used 0, ,
where 0
 is a material parameter with the dimension of time. After linearization and neglecting many small terms they got the following temperature wave and motion equations for an isotropic material:
where C is the specific heat,  is the thermal expansion coefficient, G and  are the shear modulus and Poisson's ratio respectively. From Eq. 5 we can get
From above equation it is difficult to consider that s is a state function. The Green-Lindsay theory with two relaxation times was based on modifying the Clausius-Duhemin inequality and the energy equation; In their theory they used a new temperature function (,) TT   to replace the usual temperature T . They used
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After linearization and neglecting small terms, finally they get (here we take the form in small deformation for an isotropic material)
where 0  , 1  and γ are material constants.
Now we discuss the inertial entropy theory (Kuang, 2009b) . The Helmholtz free energy g and the complement dissipative energy h assumed in the form
where 0 T is the reference (or the environment) temperature, , 
Using Eq. (10), Eq. (9a) can be rewritten as
where  T g is the energy containing the effect of the to temperature. 
When material coefficients are all constants from 11 we get 0,
Eq. (12a) is a temperature wave equation with finite phase velocity. For an isotropic elastic material and the variation of the temperature is not large, from Eq. (12a) we get
Comparing the temperature wave equation Eq. (12b) with the Lord-Shulman theory (Eq. 
where f is the body force per volume,  is the density. Substituting the stress σ in Eq.
(10) into (13) we get
Comparing the elastic wave equation Eq. (14) with the Green-Lindsay theory (Eq. (8)) it is found that in Eq. (14) a term
  is lacked (in different notations), but with the Lord-Shulman theory (Eq. (6)) is similar (in different notations).
Temperature wave in linear thermo -viscoelastic material
In the pyroelectric problem (without viscous effect) through numerical calculations Kuang 2008, 2010 pointed out that the term containing the inertial entropy attenuates the temperature wave, but enhances the elastic wave. For a given material there is a definite value of . In order to substantially eliminate the increasing effect of the amplitude of the elastic wave the viscoelastic effect is considered as shown in this section. Using the irreversible thermodynamics (Groet, 1952; Kuang, 1999 Kuang, , 2002 we can assume (9) and (10) with (15) 
In one dimensional problem for the isotropic material from Eq. (15) we have
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where Y is the elastic modulus,  is a viscose coefficient,  is the temperature coefficient.
When there is no body force and body heat source, Eqs. (12) and (16) 
where , U  are the amplitudes of u and  respectively, k is the wave number and  is the circular frequency. Substituting Eq. (19) into (18) we obtain
In order to have nontrivial solutions for , U  , the coefficient determinant of Eq. (20) 
where the symbol "+" is applied to the wave number T k of the temperature wave and the symbol "  " is applied to the wave number of the viscoelastic wave Y k . If the temperature wave does not couple with the elastic wave, then  is equal to zero. In this case we have 
we get Im 0 Y k  or in this case the elastic wave is an attenuated wave, otherwise is enhanced.
Introducing the viscoelastic effect in the elastic wave as shown in this section can substantially eliminate the increasing effect of the amplitude of the elastic wave with time.
Temperature wave in thermo-electromagneto-elastic material
In this section we discuss the linear thermo-electromagneto-elastic material without chemical reaction and viscous effect, so the electromagnetic Gibbs free energy e g in Eq.
(1) should keep the temperature variable. The electromagnetic Gibbs free energy e g and the complement dissipative energy e h in this case are assumed respectively in the following form 
Similar to derivations in sections 2.2 and 2.3 it is easy to get the governing equations:
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where e  is the density of the electric charge. The boundary conditions are omitted here.
Thermal diffusion wave in linear thermoelastic material
The Gibbs equation of the classical thermodynamics with the thermal diffusion is:
,
where  is the chemical potential, d is the flow vector of the diffusing mass, c is the concentration. In discussion of the thermal diffusion problem we can also use the free energy c sT c Kuang, 2010) , but here it is omitted. Using relations
From Eq. (29) (Kuang, 2010) we get: 
where  i Ts  is the irreversible heat rate. According to the linear irreversible thermodynamics the irreversible forces are proportional to the irreversible flow (Kuang, 2010; Gyarmati, 1970; De Groet, 1952) , we can write the evolution equations in the following form
where ij D is the diffusing coefficients and L ij is the coupling coefficients. The linear irreversible thermodynamics can only give the general form of the evolution equation, the concrete exact formula should be given by experimental results. Considering the experimental facts and the simplicity of the requirement for the variational formula, when the variation of T is not too large, Eq. (31a) can also be approximated by
, (Kuang, 2010) 
11 1 (, , ) 22 2
where ,, ij abb are also material constants. The constitutive and evolution equations are: 
The above theory is easy extended to more complex materials.
Physical variational principle
General theory
Usually it is considered that the first law of thermodynamics is only a principle of the energy conservation. But we found that the first law of thermodynamics is also a physical variational principle (Kuang, 2007 (Kuang, , 2008a (Kuang, , 2008b (Kuang, , 2009a (Kuang, 2011a (Kuang, , 2011b . Therefore the first law of the classical thermodynamics includes two aspects: energy conservation law and physical variational principle:
where U is the internal energy per volume, W is the work applied on the body by the environment, Q is the heat supplied by the environment . According to Gibbs theory when the process is only slightly deviated from the equilibrium state dQ can be substituted by dd 
Here the physical variational principle is considered to be one of the fundamental physical law, which can be used to derive governing equations in continuum mechanics and other fields. We can also give it a simple explanation that the true displacement is one kind of the virtual displacement and obviously it satisfies the variational principle. Other virtual displacements cannot satisfy this variational principle, otherwise the first law is not objective. The physical variational principle is different to the usual mathematical variational method which is based on the known physical facts. In many problems the variation of a variable  different with displacement u , should be divided into local variation and migratory variation, i.e. the variation
, where the local variation    of  is the variation duo to the change of  itself and the migratory variation u   of  is the variation of change of  due to virtual displacements. In Eqs. (38) and (39) (39) or (38) to deal with this problem. The physical variational principle is inseparable with energy conservation law, so when the expressions of energies are given we get physical variational principle immediately. We need not to seek the variational functional as that in usual mathematical methods. In the following sections we show how to derive the governing equations with the general Maxwell stress of some kind of materials by using the physical variational principle. From this physical variational principle all of the governing equations in the continuum mechanics and physics can be carried out and this fact can be considered as the indirect evidence of the physical variational principle.
Physical variational principle in thermo-elasticity
In the thermo-elasticity it is usually considered that only the thermal process is irreversible, but the elastic process is reversible. So the free energy g and the complement dissipative energy can be assumed as that in Eq. (9). The corresponding constitutive and evolution equations are expressed in Eq. (10). As shown in section 3.1, the variation of the virtual temperature  is divided into local variation    due to the variation of  itself and the
In previous paper (Kuang, 2011a) we showed that the migratory variation of virtual electric and magnetic potentials will produce the Maxwell stress in electromagnetic media, which is also shown in section 3.4 of this paper. Similarly the migratory variation u   will also produce the general Maxwell stress which is an external temperature stress. The effective general Maxwell stress can be obtained by the energy principle as that in electromagnetic media. Under assumptions that the virtual mechanical displacement u and the virtual temperature () or T  satisfy their own boundary conditions ,
and T a respectively. The physical variational principle using the free energy in the inertial entropy theory for the thermo-elasticity can be expressed as:
where , , in which the integrands contain the time derivatives of variables, so it needs integrate with time t. This is the common feature of the irreversible process because in the irreversible process the integral is dependent to the integral path.
It is noted that
Finishing the variational calculation, we have
where T σ is the effective or equivalent general Maxwell stress which is the external equal axial normal temperature stress. This general Maxwell stress is first introduced and its rationality should be proved by experiments. Obviously 
Eqs. (44) and (45) are the governing equations of the thermo-elasticity derived from the physical variational principle.
Physical variational principle in thermo-diffusion theory
The electro-chemical Gibbs free energy  g and the complement dissipative energy h  are expressed in Eq. (33) and the constitutive and evolution equations are expressed in Eq. (34). 
It is noted that we have the following relations
The further derivation is fully similar to that in the thermo-elasticity. Combining Eqs. (46) and (47) we get 
Physical variational principle in electro-magneto-elastic analysis
In this section we discuss the nonlinear electro-magneto-elastic media. Here we extend the theory in previous paper (Kuang, 2011) to the material with the electromagnetic body couple. Because the asymmetric part of the stress is introduced by the electromagnetic body couple, the specific electromagnetic Gibbs free energy em g is taken as 
